The isotherm for glucose absorption by aged potato (Solanum tuberosum var. Russet Burbank) discs shows four distinct phases in the concentration ranges 1.0 to 75 /AM, 75 gM to 1. 
Sugar transport has been taken to be carrier-mediated on the basis of studies in yeast (13) , red blood cells (17) , intestinal epithelial cells (2) , muscle fibers (9) , algal coenocytes (23) , and higher plant cells (10) . The deduction has been based both on the specificity of the process and on the generally observed hyperbolic absorption isotherm. Glucose absorption, furthermore, has frequently been deemed active on the basis of its dependence on metabolism and on its transport against a concentration gradient (10).
Significant questions which persist regarding the process of glucose absorption in higher plant tissues are best revealed by a comparison of the observations of Grant and Beevers (10) on glucose absorption by carrot slices and of Laties (15) on glucose uptake by potato discs. Grant and Beevers describe an absorption process which is putatively a smooth hyperbolic function of concentration with an apparent Km of approximately 10 mm. Laties, on the other hand, finds uptake to be virtually zero-order at concentrations approaching 10 yM. Both studies report uptake against a gross concentration 'The work herein generously was supported by a grant from the United States Atomic Energy Commission. 2 Present address: Department for Sick and Injured, Pennsylvania Hospital, Philadelphia, Pa. 19107. gradient, i.e., where tissue glucose concentration is expressed on the basis of the tissue as a whole. At the same time both studies recognize that a very large part of the total tissue glucose is sequestered, presumably in the vacuole, and does not mix in the metabolic pool. Grant and Beevers found glucose absorption to depend markedly on aerobiosis. Uptake and utilization were nevertheless reported by Laties to be moderately or not at all affected by uncouplers of oxidative phosphorylation.
Essentially at this time Epstein and coworkers described the duality (7) and ultimately the multiplicity (8) of the absorption isotherm for a variety of inorganic ions. The foregoing observations suggested more than a single carrier system for a given transportable species whether in parallel at the plasma membrane (27) , or sequential, at plasma membrane and tonoplast, respectively (16) . The recognition of the duality or multiplicity of the isotherms for ion absorption came with the examination of ion uptake in the external concentration range 0 to 0.1 mm, a range previously ignored in studies of salt uptake. Epstein and his colleagues (7) discovered that at least one transport mechanism was fully saturated at external concentrations of 0.1 mm.
The recognition of multiplicity in inorganic ion uptake suggested to us that the observations of Grant and Beevers (10) and of Laties (15) Whether one observes plasma membrane-limited or tonoplast-limited absorption rates depends on the experimental protocol in relation to the compartment exchange times for cytoplasm and vacuole respectively (4) . For certain ions at least, plasma membrane and tonoplast influx have been separately estimated (5) . Whereas legs of a multiple isotherm may in certain instances reflect events at different membranes, an alternative explanation for multiphasic isotherms within a moderate spread of external concentrations is based on an all-or-none or association-induction change in state of a given transport barrier in response to critical solute concentrations in the environment (see Ling [18] ; Nissen [22] ). With such physical transitions, kinetic transport parameters (e.g., Vma, Km) may be expected to change as well. The one interpretation which a multiple isotherm does not allow is the simultaneous operation in parallel of two or more Michaelis-Menten type carrier systems. The addition of two or more systems with hyperbolic kinetics demands an ever diminishing slope of absorption rate with increasing concentration.
In what follows we have examined the uptake of glucose and its analogue 3-0-methyl glucose through a range of external concentration from 1 /uM to 100 mm. The kinetic description of the multiphasic isotherm which we report is the first step in the further elucidation of the mechanism of glucose absorption by plant tissue which will be reported subsequently.
MATERIALS AND METHODS
All experiments were done with aged slices 1 mm thick and 10 mm in diameter cut from the central parenchyma tissue of potato tubers (Solanum tuberosum var. Russet Burbank) obtained from commercial sources.
Sterile technique was adopted to prevent bacterial contamination during the aging process. Whole potato tubers were first soaked for about 5 min in 50% commercial hypochlorite solution. Tubers were subsequently transferred to a positive air pressure chamber. The air chamber was kept sterile by frequent washings with 1 :1000 mercury bichloride solution. Ends of the tubers were cut, and the central core was removed using a 35 mm inside diameter stainless steel cylinder. The central core section of the tuber was subsequently handled with sterile surgeon's gloves. The core section was pierced with a 10 mm diameter stainless steel tube, and the 10 mm tissue core subsequently was sliced to yield 1 mm thick discs. The discs were aged for 24 hr with gentle rotary shaking (15) . The washing solution (0.2 mm CaSO4) was changed eight times over the first 12 hr. Contamination during aging was negligible.
Initial studies on "C-glucose uptake were done using the method described by Laties (15) . "C loss from solution was measured by removing 50-,ul samples at designated time intervals, drying the samples on small circles of glass filter paper, placing the latter into a toluene-fluor solution (PPO-POPOP), and counting with a Nuclear Chicago 720 liquid scintillation system. Sometimes the above procedure was altered so that the 50-,ul samples were added directly to scintillation vials along with 4 ml of absolute ethanol to dissolve water samples in the toluene fluor solution (20) . Although this method gives a slightly lower counting efficiency, it permits more rapid sampling.
"C-glucose absorption was also measured directly by extracting rinsed tissue slices twice for 5-min periods with 2-ml portions of boiling absolute ethanol and mixing the alcohol extract directly with toluene fluors for scintillation counting.
The insoluble fraction was counted by placing the alcohol extracted discs directly into toluene fluors. The aged discs are essentially colorless and quenching presents no problem.
"CO2 was collected on a glass filter paper impregnated with 10% NaOH solution, the paper dried, and counted as above (15) . In experiments where "C-D-glucose (uniformly labeled) uptake was measured as loss from solution, "CO2 was collected by passing air through the experimental solutions and trapping "CO2 in a 10% NaOH solution. The latter method eliminated samples were withdrawn through a sampling port at the bottom of the flasks. 3-O-Methyl-"C-D-glucose uptake was measured by extracting tissue samples twice for 5-min periods with 2-ml portions of hot ethanol. The amount of label remaining in tissue was negligibly small, less than 3%. The ethanol extract was then added directly to the toluene fluor solution.
"C-D-glucose (uniformly labeled) and 3-0-MG' were obtained from New England Nuclear Corporation. All other chemicals used were of analytical grade.
The experimental solutions containing only glucose or 3-0-MG and 0.2 mm CaSO4 were not buffered. The initial pH was 5.8. The pH rose less than 1 unit during the experimental period and never exceeded pH 6.6. The small variability in pH does not detectably affect the velocity of glucose or of 3-0-MG absorption.
Assuming that the diffusion coefficient of D-glucose in the water of the cell wall is essentially similar to that of glucose in pure water (25) Figure 1A with CO, evolution from absorbed "C-D-glucose in Figure 1B (Fig. 3) and by the Hofstee (11) method in which velocity is plotted as a function of v/ s (Fig. 4) . Each segment conforms to a rectangular hyperbola with no curve fitting necessary. Multiphasic curves such as in Figure 2 are initially fitted by eye. The validity of the fit is inherent in the plots of Figures 3 and  4 . On the theory of an all-or-none change in the transport barrier (18) , it is to be expected that only the segment between two inflection points will yield a straight line in double reciprocal plots as in Figure 3 . Further, no smooth curvilinear function can be fitted to the points as plotted in Figure 4 . Consequently the results cannot be interpreted as representing parallel carriers operating simultaneously through the full concentration range (Epstein [7] ; Christensen [3] .rIG. 2 (1) (Vt = total velocity; V1, V2 = velocities of individual "carriers;" Vmi, Vm2 = maximal velocity of each carrier; K1 , K2 = the apparent Michaelis constants; and S = substrate concentration), and when plotted by the double reciprocal method results in a curvilinear function. Although the curvature would not necessarily be obvious for situations where K2 exceeds K1 by at least three orders of magnitude, this cannot apply to the present situation where the differences in Km values for adjacent isotherms are only slightly more than one order of magnitude. The same conclusion is substantiated by the Hofstee method of plotting the same data. The latter is considered to be a more reliable method for detecting curvature (11) . Since straight lines by either method of plotting cannot be interpreted as two or more carriers operating in parallel on the same substrate, another interpretation of the multiple absorption isotherm is necessary. As further proof that the data represent a series of four hyperdesignated in Figure 2 , see text. Lowest points range I, Figure 2 omitted for convenience of plotting; included in Figure 4 ; 30 discs. 
As seen in Figure 5 the slopes equal one in all four concentration ranges as required for the rectangular hyperbola (1) . Thus a tentative conclusion may be drawn that the observed multiple absorption isotherm represents a series of four transformations in the structure of the transport barrier. This is equivalent to saying that the segments of the multiple isotherm are the consequence of a series of all-or-none type transformations. 3-0-MG Absorption. The rapid utilization of D-glucose by potato slices (10, 15) raises the prospect that the multiple isotherm reflects glucose metabolism, as modulated by metabolic intermediates (12) , rather than representing the absorption process per se. The latter possibility can be tested by investigating the absorption of the nonmetabolized glucose analog, 3-0-MG. After determining that 3-0-MG acts to inhibit glucose absorption competitively, and also that 3-0-MG is not metabolized by aged potato tuber tissue, uptake of 3-0-MG was studied over the same concentration range as D-glucose. (Fig. 6D) suggests that at high external concentrations influx to the cytoplasm is initially more rapid than influx to the vacuole (see "Discussion;" refs. 5 and 16). The linear portion of the absorption functions is used to obtain uptake velocities for each concentration over the range 0.5 ,tu to 100 mm. Absorption rate as a function of external concentration is plotted in Figure 7 to give the 3-0-MG absorption isotherm. Absorption of 3-0-MG was determined by extraction of the latter from rinsed discs after appropriate uptake periods, whereas absorption of glucose (Fig. 2) was measured by disappearance of glucose from solution. The difference in technique was dictated by the relatively low rates of 3-0-MG uptake compared with glucose (Table I) . Estimation of absorption by tissue extraction is a more tedious process, and labeled 3-0-MG is more precious than labeled glucose. Therefore, measurements of 3-0-MG absorption were done with smaller numbers of discs, and uptake rates at fewer concentrations were determined each day. Consequently the curves of Figure  7 (compared with Fig. 2 ) represent a fit to points obtained in a Ii greater number of separate measurements, involving tissue from a greater number, although from a given batch of tubers. Nevertheless, the method and care with which the curves were fitted warrant their depiction as shown.
As seen in Figure 7 , 3-0-MG absorption is characterized by a multiple isotherm which is essentially similar to the one obtained for D-glucose (Fig. 2) . The only significant difference is the lesser absolute rate of 3-0-MG absorption compared with glucose absorption. The Km and Vmax values for segments of the multiple isotherms of glucose and 3-0-MG absorption, as calculated from double reciprocal plots, are compared in Table I . While the Km values (and Vm.x values) vary through a limited range, they reflect values obtained in a great number of experiments through a period of years with tissue from tubers evincing seasonal variation. Nevertheless in no case do the parameters in question for a given phase extend into a higher or lower range. It may be seen that the Km values for glucose and 3-0-MG are nearly the same within each of the the segments of the multiple absorption isotherm. Quite certainly, the multiple absorption isotherm is not controlled by metabolic events. Rather, substrate-induced changes in the putative carrier or transport barrier must be considered.
DISCUSSION
The presented experimental data provide limits for interpreting the kinetics of glucose transport into aged tissue slices of potato tuber. The isotherm describes glucose absorption and is uninfluenced by glucose metabolism, since glucose and 3-0-MG show similar transport properties. Our results cannot be interpreted as the in-parallel operation of four carriers with conventional binding characterized by hyperbolic isotherms. The sum of such isotherms must be a smooth curve of ever decreasing slope. The results, however, indicate some form of cooperative all-or-none type interaction among glucose binding entities. A generally applicable statistical-mechanical model for cooperativity has been provided by Ling (18) . Specific models applied to regulation of enzyme action, classically exemplified in the binding of oxygen by hemoglobin, have been advanced by Koshland (14) . It seems unlikely that our results can be interpreted in terms of the sum of four sigmoid curves of the type associated with classical positive cooperativity. The latter situation has been considered for multiple isotherms for mineral ion absorption by barley roots (21) . In the latter case, however, the individual upward convex segments of the complex isotherm did not have the properties of a rectangular hyperbola. In order for the sum Table I .
Interaction in the cytoplasm may not be limited to sites on a single protein, whether or not made up of subunits. Interconnecting sets of sites on associated proteins may be involved (6) . For example, situations apparently exist where proteins which in themselves display cooperative behavior may in turn be cooperatively linked (19) . The glucose absorption isotherm may represent a continuum of interacting protein or lipoprotein structures which suffer consecutive all-or-none transitions as the external glucose concentration is raised. In modification of Ling's (19) concept of cardinal adsorbents where a single molecule such as a drug or hormone controls the characteristics of a set of adsorption sites, the multiple absorption isotherm reflects a consecutive series of such transitions, each of which increases the number of binding sites, or at least exerts a configurational change, which increases the rate of absorption.
Whereas the present data implicate a type of glucose binding which leads to a series of all-or-none transitions, the multiple isotherm itself does not permit localization of the interactions of glucose with cell proteins or lipoproteins at the plasmalemma, the tonoplast, or within the cytoplasm. The successive bumps of the multiple isotherm may reflect interactions solely at the plasma membrane or at the plasma membrane and within the cytoplasm as well. Alternatively, one or more bumps in the isotherm may warrant a totally different explanation. For example, while isotherms I, II, and III may involve all-or-none type transformation and describe surfacelimited transport into the cytoplasm, the isotherm bump in Table I Plant Physiol. Vol. 51, 1973 
